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Summary
Specialized membrane domains containing lipid rafts
are thought to be important for membrane processes
such as signaling and trafficking [1, 2]. An unconven-
tional type I myosin has been shown to reside in lipid
rafts and function to target a disaccharidase to rafts
in brush borders of intestinal mammalian cells [3]. In
the fission yeast Schizosaccharomyces pombe, dis-
tinct sterol-rich membrane domains are formed at the
cell division site and sites of polarized cell growth at
cell tips [4]. Here, we show that the sole S. pombe
myosin I, myo1p, is required for proper organization
of these membrane domains. myo1 mutants lacking
the TH1 domain exhibit a uniform distribution of ste-
rol-rich membranes all over the plasma membrane
throughout the cell cycle. These effects are indepen-
dent of endocytosis because myo1 mutants exhibit
no endocytic defects. Conversely, overexpression of
myo1p induces ectopic sterol-rich membrane do-
mains. Myo1p localizes to nonmotile foci that cluster
in sterol-rich plasma membrane domains and frac-
tionates with detergent-resistant membranes. Be-
cause the myo1p TH1 domain may bind directly to
acidic phospholipids, these findings suggest a model
for how type I myosin contributes to the organization
of specialized membrane domains.
Results and Discussion
S. pombe has one myosin I, myo1p, which is required
for proper cell shape, actin organization, and cell-wall
regulation but is not essential for cell viability [5, 6].
Myo1p is composed of a head (motor) domain and TH1,
TH2, TH3, and A domains in its tail region (Figure 1A).
Based on similarity to other myosin Is [7, 8], the basic
TH1 domain is thought to bind to acidic phospholipids.
Other regions of the myo1p tail (including the acidic A
domain) stimulate the actin nucleation activity of Arp2/
3 complex in a functionally redundant manner with
WASp [5, 9, 10].
Specialized sterol-rich membrane domains at sites of
cell division and cell growth can be visualized in fission
yeast by staining with filipin, a fluorescent sterol bind-
ing dye [4]. Numerous tests have shown that filipin can
be used as a reliable marker for these membrane do-
mains in fission yeast [11]. Another marker for mem-*Correspondence: fc99@columbia.edu
1Present address: Cancer Research UK Cell Cycle Genetics Re-
search Group, Department of Genetics, University of Cambridge,
Cambridge CB2 3EH, United Kingdom.brane domains in these cells is an acylated GFP fusion
(Ac-GFP) [11, 12].
We found that fission yeast myo1D mutants lack dis-
tinct membrane domains. Filipin staining in wild-type
cells shows increased fluorescence intensity in distinct
membrane domain at cell tips and at the septum (Figure
1B) [4]. In contrast, myo1D cells showed a uniform dis-
tribution of filipin staining in the plasma membrane
throughout the cell cycle (Figure 1B). Fluorescence in-
tensity measurements showed that differences were
significant: in myo1D cells, the membrane on the sides,
cell tips, and septum were nearly equivalent, at levels
normally seen at cell tips and septum in wild-type cells
(Figure 1B). Ac-GFP also showed abnormal distribution
in the myo1D mutant. In wild-type cells, a distinct re-
gion of increased Ac-GFP fluorescence is normally
formed in a medial membrane domain at the future divi-
sion site beginning in anaphase (although its localiza-
tion less distinct at cell tips) [11]. Consistent with the
filipin staining, a distinct medial Ac-GFP band was not
visible in myo1D cells during anaphase (Figure 1C).
To determine what regions of the myo1p protein are
needed for membrane-domain organization, we gener-
ated C-terminal truncation alleles of myo1 in the chromo-
somal myo1 locus (Figure 1A). Consistent with previous
work with plasmid-based constructs [5], the phenotypes
of these mutants showed that the TH1 domain, but not
the other tail domains, was critical for the functions of
myo1p in F-actin organization, efficient septation, po-
larized cell growth, and viability under stress conditions
(data not shown). Filipin staining showed that the TH2,
TH3, and A domains were not required for proper mem-
brane organization (Figure 1B, myo1(H1)). However, a
truncation of the whole-tail region (the TH1, TH2, TH3,
and A domains) resembled (and produced even slightly
sicker phenotype than) the myo1 deletion (Figure 1B,
myo1(H)). Ac-GFP localization corroborated the filipin
staining patterns in these mutants (data not shown).
Thus, the myo1p TH1 domain, which contains a puta-
tive phospholipid binding site, is necessary for mem-
brane organization.
We considered whether these effects of myo1 dele-
tion are secondary to its possible effects on actin distri-
bution, cell polarity, or endocytosis. Earlier studies with
latrunculin A-treated cells have showed that F-actin is
not required for formation of the medial membrane do-
main [4, 11]. In addition, cdc3 (profilin) mutant cells,
which exhibit abnormal organization of all actin struc-
tures, still form normal filipin-staining patterns (Supple-
mental Data). for3 (formin) mutants lack actin cables
and have defects in cell polarity [13]. Distinct mem-
brane domains were also found for3D cells, even in the
subset of those that are almost entirely round (Supple-
mental Data). Thus, it is unlikely that simply defects in
cell polarization or actin distribution cause the mem-
brane organization defects seen in myo1 mutants.
Many myosin Is have been implicated in endocytosis
and are localized at sites of endocytosis in different cell
types [14]. For instance, in budding yeast, two myosin
Is (S. cerevisiae myo3p and myo5p) are necessary for
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1332Figure 1. Fission Yeast myo1 Mutants Are Defective in the Membrane-Domain Organization
(A) Domain structure of myo1p and myo1p truncation mutants. myo1 tail truncation mutants were constructed by integrating a kanMX
cassette into specific locations in the chromosomal myo1 locus.
(B) Localization of sterol-rich membrane domains in myo1 mutants. Cells of the indicated genotype were grown at 25°C and stained for
sterol-rich membrane domains with filipin. Graph shows quantitation of filipin staining. Maximum fluorescence intensities were measured at
different points on the cell surface, and relative intensities were determined with the intensities of septum in wild-type cells for septating cells
and the intensities at cell tip in wild-type cells for interphase cells. For direct comparison of fluorescent intensities, wild-type cells marked
with an additional GFP marker were mixed with the mutants and imaged in the same field. Error bars represent the standard error of the mean.
(C) Wild-type and myo1-null cells expressing Ac-GFP (a lipid-raft marker) were imaged. Hoechst 3342 staining show that the cells are in
anaphase. Arrowheads indicate a band of increased Ac-GFP fluorescence at the future division site in wild-type cells. Bar, 10 m.
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1333efficient endocytosis and are thought to contribute to
scission of endocytic vesicles from the plasma mem-
brane [15–17]. We can imagine that endocytosis could
affect membrane composition by removing excess ste-
rol-rich membranes from the cell surface and that
myo1p could have a primary function in endocytosis.
However, we found that myo1p is not essential for en-
docytosis in fission yeast. We used standard endocyto-
sis assays measuring the uptake of a lipid dye FM4-
64, which assays membrane uptake, and lucifer yellow,
which assays fluid phase uptake [18, 19]. No defects in
myo1D cells were seen in the dynamics of FM4-46 or
lucifer yellow entry into the cell and trafficking to vacu-
oles in cells after recovery from cold treatment (Figure
2). In addition, we also detected no delays in FM4-64
internalization in cells without cold treatment, as as-
sayed in time-lapse imaging of early time points (5–20
min after FM4-64 addition) (data not shown). These
data do not rule out the possibility that myo1p contrib-
utes to endocytosis but is functionally redundant with
other proteins, such as WASp [5]. The results do say
however that the defects in membrane organization in
myo1 mutants are not simply due to endocytic defects.
Further, latrunculin A-treated cells, which are strongly
defective in endocytosis, still form membrane domains,
demonstrating that endocytosis per se is not required
for this process [4, 11].
The overexpression of myo1p led to formation of ec-
topic membrane domains. We overexpressed a func-
tional GFP-myo1p from the strong nmt1 promoter in
cdc25 temperature-sensitive cells arrested in G2
phase. Normally, G2-arrested cells exhibit no filipin-
staining domains on the cell sides (Figures 3A and 3B,
uninduced). GFP-myo1p overexpression caused the
formation of abnormal medial membrane domains on
the sides of most cells (Figures 3A and 3B, induced)
(68.6%, n = 156 versus 7.4%, n = 135 in uninduced
cells). GFP-myo1p dots were clustered at these abnor-
mal membrane domains (Figure 3C). DAPI staining con-Figure 2. Myo1p Is Not Required for Endocytosis
(A) FM4-64-internalization assay for endocytosis. Cells were labeled with 20 M FM4-64 on ice for 15 min, washed with ice-cold medium,
and resuspended in fresh YE5S medium and then incubated at 30°C for the indicated time period.
(B) Luicfer yellow uptake assay for fluid-phase endocytosis. Cells were incubated with 4 mg/ml lucifer yellow for 30 min at 30°C and imaged.firmed that cells were arrested in G2-phase because
the large majority of these cells (>91%) were mono-
nucleate (data not shown). It was not possible to assay
effects of overexpressing the TH1 domain alone be-
cause this protein fragment targets abnormally to the
nucleus [5].
We next tested whether myo1p associates with ste-
rol-rich membrane domains. A myo1p-GFP fusion lo-
calized to discrete foci that concentrate at sites of cell
growth at cell tips and septum and also at the con-
tractile ring (Figure 4A, wild-type; see also [5]). The GFP
fusion was considered functional because the cells ex-
pressing the fusion as its only myo1p exhibited no obvi-
ous abnormalities in cell shape or membrane staining.
Concurrent staining with filipin revealed that these
myo1p-GFP foci resided largely in sterol-rich mem-
brane domains (93.2% of foci, n = 148; Figure 4A). Re-
cently, we have found that membrane domains are
often organized in spiral patterns in cdc15 (PCH family
protein) cytokinesis mutants [11]. Strikingly, myo1p-
GFP foci were clustered in these spiral-shaped mem-
brane domains (Figure 4A, cdc15-287). Overexpression
of cdc15p often causes formation of ectopic membrane
domains [11], accumulation of myo1p-GFP in the me-
dial region [20], and much less often, actin rings [21].
Concurrent staining with filipin showed that myo1p-
GFP foci clustered in these ectopic membrane domains
(Figure 4A, cdc15 OE cdc25-22) (100% of ectopic mem-
brane domains have clusters of myo1-GFP, n = 18). To
test whether the localization of myo1-GFP is actin de-
pendent, we examined myo1-GFP in cells treated with
Lat-A for 5–10 min, which leads to complete disassem-
bly of the actin cytoskeleton. In contrast to a previous
report [5], using confocal microscopy, we detected
small amounts of myo1-GFP associated with the
plasma membrane in the region of the sterol-rich mem-
brane domains at the cell tips, medial band, and septa
(Figure 4B). Thus, myo1-GFP can associate in vivo with
sterol-rich membranes in an actin-independent manner.
Current Biology
1334Figure 3. Myo1p Overexpression Induces Ectopic Membrane Domains
(A) cdc25-22 cells with pSGP573-myo1 were grown in EMM + thiamine media, washed, resuspended in EMM + thiamine (uninduced) or EMM
without thiamine (induced) media, grown for 15 hr at 25°C, shifted to 36°C for 3 hr to arrest cells in G2 phase, stained with filipin, and imaged.
Cells were confirmed to be in interphase by DAPI staining (data not shown). Bar, 10 m.
(B) Graph shows percentage of cells with filipin staining only at cell tips (tips) or staining in medial regions and cell tips (medial).
(C) GFP-myo1p fluorescence and filipin staining in cells with ectopic membrane domains, as described above. Arrows point to clusters of
GFP-myo1p at ectopic regions of sterol-rich membrane domains.A biochemical test commonly used for lipid raft com- b
sponents is their ability to fractionate with detergent-
resistant membranes (DRMs). Yeast extracts express- c
ming a functional myo1p-HA fusion were treated with
cold Triton X-100 and fractionated by step sucrose gra- c
tdients. Myo1p-HA was present in all fractions, and 10%
of the total appeared in the top floating “lipid-raft” frac- s
ftion, marked by the lipid-raft marker pma1p (Figure 4C,
first gradient, fraction 1). To further test for lipid-raft as- a
1sociation, we reloaded the top fraction from the first
gradient onto a second gradient and found that a sig- b
wnificant portion of myo1p again associated with the top
lipid-raft fraction after a second centrifugation (Figure f
g4C, second gradient, fraction 1). Some myo1p sedi-
mented as heavier particles even in the second gradi- d
aent; we speculate that these may have lost membrane
association or associated with other proteins such as u
tactin during the procedure. The Ac-GFP protein also
cofractioned in the lipid-raft fraction, showing a similar m
tbehavior to myo1p in these types of gradients (data not
shown; see also [12]). Thus, both imaging and bio- l
tchemical analysis showed that myo1p is a component
of sterol-rich membrane domains. o
The fact that myo1p is a putative motor protein sug-gests a model in which myo1p organizes large mem-rane domains by moving together smaller patches of
terol-rich plasma membranes to areas such as the
ell-division site. To test this possibility, we imaged
yo1p-GFP in living cells by time-lapse confocal mi-
roscopy. Myo1p-GFP foci generally did not move in
he plane of membrane but flashed on and off tran-
iently with an average duration of 12.8 ± 0.9 s (n = 37
oci) (Movie S1), very similar to myosin type I foci at
ctin patches in budding yeast (lifespan of 13 s) [16,
7]. During initial stages of medial sterol-rich mem-
rane-domain formation in anaphase, myo1p-GFP foci
ere delocalized throughout the sides of the cells be-
ore concentrating at the septum (Figure 5A). Kymo-
raphic analyses of time-lapse sequences showed that
uring this period, the myo1p foci were also transient
nd did not exhibit significant lateral movements (Fig-
re 5B). Imaging of myo1-GFP foci in the focal plane of
he plasma membrane also did not reveal lateral move-
ents. Thus, we found little evidence that myo1p func-
ions to form membrane domains simply by generating
ateral movements toward the future division site, al-
hough we cannot rule out that there may be a subset
f myo1p proteins that are not apparent by our imaging.
In summary, we have identified a role for S. pombemyosin I in the organization of membrane domains. Our
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1335Figure 4. Myo1p Associates with Sterol-Rich
Membrane Domains
(A) Images of myo1-GFP in wild-type, cdc15-
287 cells and interphase cells overexpress-
ing cdc15+ stained with filipin. Cells overex-
pressing cdc15+ were myo1-GFP cdc25-22
cells with REP1-cdc15, which were grown in
EMM + thiamine media, washed, resus-
pended in EMM + thiamine (uninduced) or
EMM without thiamine (induced) media,
grown for 15 hr at 25°C, shifted to 36°C for 3
hr, and then stained with filipin and imaged.
Myo1-GFP foci localize in the membrane do-
mains (arrowheads). Bar, 10 m.
(B) Images of cells expressing myo1-GFP
treated with latrunculin A for 5 min (top) or
10 min (bottom). Arrows point to residual
staining of myo1-GFP at regions of the cell
tips and septa.
(C) Association of myo1-HA with detergent-
resistant membranes. Yeast extracts were
treated with cold 1% Triton X-100 and
loaded onto the bottom of a 30%–35% Opti-
prep gradient. After centrifugation, the top
(lipid raft) two fractions from the first gradi-
ent were loaded onto a second Optiprep gra-
dient and centrifuged again. Fractions from
gradients were immunoblotted with anti-HA
or anti-pma1p (a lipid-raft marker) antibodies
or Coomassie stained for total proteins.study extends on findings that a mammalian brush-bor-
der type I myosin (myosin-1A) is a lipid-raft protein that
is required for the targeting of other proteins to lipid
rafts and for normal brush-border morphology [3, 22].
Our findings show that fission yeast type I myosin has
a global role in the general organization of sterol-rich
membrane domains. It is not yet clear how myo1p regu-
lates membrane composition and if its effects are di-
rect. One model is that the basic TH1 domain of myo1p,
which is essential for this myo1p function, binds to
phospholipids that directly affect the local composition
of the membrane. The clustering of acidic phospholip-
ids by myo1p foci could plausibly exert long-range in-
fluence on membrane composition [23]. The TH1 do-
main could also be responsible for targeting of myo1p
to the membrane. A second model is that myo1p may
contribute to membrane tension, as shown in Dictyo-
stelium [24], which could be imagined to affect mem-
brane organization. However, actin depolymerization
does not cause the same effects as myo1 disruption in
fission yeast [4, 11]. It is likely that myo1p functions at
sites of endocytosis (actin patches), although the ef-
fects of myo1p on membrane domains is separablefrom endocytosis. An interaction between myo1p and
the contractile ring protein cdc15p (PCH family protein),
which also regulates membrane domains, suggests that
myo1p functions together with other proteins [11, 20].
The precise function of these membrane domains is
still not clear, although possible effects on membrane
dynamics, signaling, and contractile-ring positioning
have been proposed. From the phenotypes of myo1
mutants, we can begin to infer that the organization of
the plasma membrane into distinct membrane domains
is not essential for viability, polarized growth, or cell-
division-site placement. However, these domains ap-
pear to affect spatial distribution on cell-wall dynamics
and endocytic sites. Further study of the different func-
tions of myosin I will provide insights into the coordina-
tion between actin assembly, endocytosis, and mem-
brane domains at the plasma membrane.
Supplemental Data
Supplemental Data include Supplemental Experimental Pro-
cedures, one figure, one table, and one movie and can be found









Figure 5. Myo1p Does Not Move in the Plane of the Plasma Mem- 1
brane
(A) Redistribution of myo1p-GFP foci to the medial division site
during mitosis. Time-lapse images every 5 min were taken in 10 Z
planes 0.5 m apart with a spinning disc confocal. Maximum inten-
1sity projection images are shown. Locations of the dividing nuclei
are outlined in blue. Bar, 10 m.
(B) Dynamics of myo1-GFP foci during medial sterol-rich-domain
1formation. Time-lapse confocal images were taken every 1.8 s in a
single focal plane. Kymograph of myo1-GFP on the side of the cell
is presented. Bar, 10 m.
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